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^^This  short  term  post  LRCP  contract  was  designed  to  explore  the 
application  of  the  of f -resonance  effective  linewidth  technique  to 
hexagonal  ferrite  materials  at  x-band  frequencies.  This  objective  has 
been  accomplished.  It  has  been  demonstrated  that  the  technique  works 
quite  well  for  both  uniaxial  and  planar  ferrite  materials.  The  key 
result  for  millimeter  wave  applications  is  that  a  significant  part  of 
the  microwave  losses  in  these  materials  appears  to  be  related  to 
inhomogeneities.  The  effective  losses  which  would  determine  insertion 
loss  parameters  for  of f -resonance  device  applications  would  appear  to  be 
much  lower  than  one  would  infer  from  a  direct  ferromagnetic  resonance 
linewidth  determination.  It  was  also  possible  to  use  the  technique  to 
measure  the  of f-resonance  loss  properties  in  uniaxial  materials  at  x- 
band,  even  though  the  large  anisotropy  fields  precluded  the  observation 
of  the  FMR  peak.  The  application  of  the  technique  to  planar  samples  has 
also  led  to  a  new  approach  to  the  analysis  of  fundamental  microwave 
relaxation  processes  in  ferrite  materials,  Two  short  publications  have 
resulted  from  this  work,  and  a  Ph.D.  thesis  is  in  preparation. 
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I.  INTRODUCTION 


This  contract  was  the  outgrowth  of  a  visit  of  the  principal 
investigator  to  the  Electronics  Technology  and  Devices  Laboratory 
(ETDL),  LABCOM,  U.S.Army,  Ft.  Monmouth,  NJ  during  the  summer  of  1984  as 
part  of  the  Army's  Laboratory  Research  Participation  Program  (LRCP).  It 
became  clear  during  that  visit  that  one  key  problem  for  ferrite 
materials  applications  at  millimeter  wave  frequencies  concerns  the 
magnetic  loss.  Previous  ferromagnetic  resonance  (FMR)  linewidth  data 
indicated  that  these  losses  were  too  large  for  efficient  device 
operation.  These  large  losses  appeared  to  be  connected  primarily  with 
inhomogeneity  considerations.  For  many  classes  of  ferrite  devices, 
however,  the  material  can  be  field  biased  away  from  ferromagnetic 
resonance  such  that  these  inhomogeneity  related  losses  are  not 
operative,  at  least  in  principle.  An  of f-resonance  effective  linewidth 
parameter,  rather  than  the  FMR  linewidth,  would  be  a  more  meaningful 
loss  parameter  for  such  device  purposes. 

The  objective  of  this  contract  was  to  examine  this  effective 
linewidth  proposition  experimentally.  The  data  were  obtained  on 
candidate  hexagonal  ferrite  materials  with  potential  millimeter  wave 
applications,  but  the  actual  measurements  were  carried  out  at  10  GHz,  in 
the  microwave  regime,  where  the  required  measurement  capability  had 
already  been  established  with  previous  AKO  support .  One  publication  has 
resulted  from  this  18  month  and  relatively  low  budget  effort.  A  second 


report  will  be  presented  at  the  upcoming  INTERMAG  conference  in  Phoenix, 
AZ,  April,  1986,  Two  spin-off  proposals  for  ARO  consideration  have 
resulted  from  this  work,  one  under  the  DOD  University  Research 
Instrumentation  Program  (URIP)  to  establish  a  millimeter  wave  magnetic 
and  dielectric  materials  measurement  facility  at  Colorado  State 
University  and  one  to  extend  the  measurements  reported  herein  to  the 
actual  millimeter  wave  frequencies  of  interest. 

II.  RESULTS 

This  section  presents  a  summary  of  the  key  results  of  the  work  on 
this  contract.  Part  II. (a)  contains  a  reprint  of  the  article, 

"Off  Resonance  Relaxation  in  Hexagonal  Ferrites",  which  was  presented  at 
the  International  Conference  on  Magnetics,  San  Francisco,  September, 
1985,  and  which  recently  appeared  in  print  [M.  V.  Kogekar  and  C.  E. 
Patton,  J.  Mag.  Magn.  Mater.  54-5r7,  1139  (1986)].  Part  II. (b)  contains 
a  copy  of  the  two  page  digest  of  the  paper  which  will  be  presented  at 
the  upcoming  INTERMAG  conference.  "An  Experimental  Investigation  of 
Phenomenological  Damping  in  Ferrites",  also  by  M.  V.  Kogekar  and  C.  E. 
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II. (a)  Off  Resonance  Relaxation  in  Hexagonal  Ferrites,  Reprint. 


Journal  of  Magnetism  and  Magnetic  Materials  54-57  (1986)  1139-1140 

OFF  RESONANCE  RELAXATION  IN  HEXAGONAL  FERRITES 
M.V.  KOGEK.AR  and  C.E.  PATTON 

Department  of  Physics.  Colorado  State  University,  Fort  Collins.  CO  80523,  USA 


The  effective  linewidth  technique  has  been  applied  to  study  field  dependent  microwave  losses  in  hexagonal  ferrites  for  the 
first  time.  Data  have  been  obtained  on  single  crystal  Zn,-Y  and  ZnTi-M  as  weM  as  oriented  polvcrystalline  NiCo-W 
materials.  The  results  clearly  show  that  the  high  field  effective  linewidth  is  significantly  lower  than  the  ferromagnetic  resonance 
(FMR)  linewidth.  This  implies  that  inhomogeneitv  or  two-magnon  relaxation  contributes  sigmficantlv  to  the  FMR  Imebroa- 
dentng  and  that  the  intrinsic  linewidth  is  much  lower  than  the  FMR  linewidths.  The  results  also  demonstrate  the  usefulnes>  of 
the  effective  linewiuth  technique  to  study  microwave  losses  even  under  conditions  where  the  actual  FMR  peak  is  inaccessible 


1.  Introduction 

Microwave  losses  and  relaxation  in  hexagonal  fer¬ 
rites  have  been  the  subject  of  extensive  research,  partly 
because  of  the  potential  applications  of  these  materials 
at  millimeter  wave  frequencies.  In  most  cases,  previous 
relaxation  data  were  obtained  bv  ferromagnetic  reso¬ 
nance  (FMR)  experiments,  and  the  FMR  linewidth  was 
taken  as  a  measure  of  the  relaxation.  The  FMR  lin- 
ewicjth  reported  for  such  materials  (both  single  crystals 
and  polycrystals),  however,  are  relatively  large,  possibly 
due  to  iinebroadening  due  to  inhomogeneities  and/or 
two-magnon  processes,  and  do  not  represent  the  intrin¬ 
sic  losses  in  these  materials.  There  exists  a  more  power¬ 
ful  technique  than  FMR,  the  effective  linewidth  method, 
which  enables  one  to  measure  the  relaxation  rate  for  the 
driven  uniform  precession  mode  as  a  function  of  the 
applied  field,  both  near  and  far  from  the  FMR  position. 
This  technique  has  been  shown  to  be  quite  useful  for  the 
study  of  two-magnon  linebroadening,  microstructure  ef¬ 
fects  on  losses,  and  intrinsic  relaxation  in  polycrystal¬ 
line  garnets  and  spinels  [1-4]. 

The  purpose  of  this  work  was  to  use  the  effective 
linewidth  technique  to  measure  the  field  dependence  of 
the  microwave  relaxation  processes  in  hexagonal  fer¬ 
rites.  and  thereby  determine  both  the  two-magnon  losses 
and  the  intrinsic  losses  in  these  materials.  The  technique 
makes  it  possible  to  determme  the  off-resonance  losses 
at  the  operating  frequency  of  9.9  GHz.  even  for  high 
anisotropy  uniaxial  materials  for  which  the  actual  FMR 
peak  is  inaccessible  bv  conventional  resonance  tech- 


2.  F.xperiment  and  results 

The  effective  linewidth  ( l  values  were  obtained 
as  a  function  of  apphed  magnetic  field,  using  the  high  Q 
cavity  feedback  technique  described  in  ref.  [5],  The 
measurement*  v.  ere  done  at  a  microwave  frequency  or 
9.9  GHz  ird  room  temper.- ’•-•'e.  T>i»'a  were  ohm  red  on 
thme  c'asves  of  hex. ago-  *  -e'e  erv  •  -I 
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Fig  1.  Effective  linewidth  as  a  function  of  applied  field  for 
single  crystal  Zn,  -Y  sphere  with  planar  anisotropy.  The  pointer 
above  the  field  axis  represents  the  position  of  FMR  field  at  9.9 
GHz.  The  broken  vertical  line  indicates  the  field  ai  which  the 
bottom  of  the  spin  wave  manifold  lies  ai  uu  OH/. 


with  uniaxial  anisotropv  and  oriented  polvcrvstallinc 
N.’Co-W  with  uniaxial  anisotropv. 

Fig.  1  shows  the  effective  linewidth  as  a  function  of 
app!:ed  field  for  a  Zn.-Y  sphere  with  planar  atv- 
sotropy.  magnetized  tit  the  easy  plane.  Pljnar  .in'. - 
so'.ropv  samples  are  of  interest  because  m  spite  of  the 
large  anisotropv.  the  FMR  field  and  the  held  interval 
over  wh  ch  low  wave  number  magnons  are  degenerate 
■Ai’b-rbe  uniform  mode  at  the  operating  frequency  are 
a.  '.'ssi-iie  at  9.0  GHz.  ir  addition  to  the  higher  and 
'owe-  'mV  reem-es  for  intrinsic  losses  For  the  Zn  .  Y 
sphere  magnet-zed  in  the  easy  plane,  the  saturation 
induction  of  3.T4  kG  and  the  anisotropy  held  of  9  k(V 
zie‘d  an  FMR  r  e!d  pos*t'on  o'  kPe  at  9  9  (  IH,\ 

wu'...b  s  -ia -Ved  bs  a  po'nter  ah. we  the  r,'V  avs  in  fig. 
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field  at  which  bottom  of  the  spin  wave  manifold  is  at 
0.9  GHz.  The  effective  linewidth  increases  with  field  as 
the  FV1R  point  is  approached  from  below  and  drops  off 
as  one  moves  away  from  the  FMR  position  toward 
higher  held  values.  In  the  vicinity  of  the  FMR  field 
position  the  effective  linewidth  is  rather  high.  The  gap 
in  AWt„  data  around  the  FMR  field  position  is  due  to 
extreme  degradation  in  the  cavity  Q  because  of  the  high 
losses  at  resonance.  Presumably,  the  effective  linewidth 
in  this  region  is  comparable  to  the  actual  measured 
FMR  linewidth  of  HI  Oe.  The  drop  in  A Hell  at  fields 
above  FMR  extends  somewhat  beyond  the  point  at 
which  the  spm-wave  hand  moves  above  9.9  GHz  (dotted 
line).  The  effective  linewidth  above  about  4  kOe  is 
relatively  constant  at  A//t,,  =  5-6  Oe.  independent  of 
Feld. 

The  above  results  show  two  significant  effects.  First, 
the  large  A Hc„  values  in  the  FMR-region  with  degener¬ 
ate  spin  waves  available  as  a  relaxation  channel  and  the 
drop  off  in  AWt,f  at  higher  and  lower  fields  indicate 
that  two-magnon  losses  are  important  for  hexagonal 
ferrites.  Second,  the  high  field  A//e(r  value  of  5-6  Oe 
indicates  that  the  intrinsic  losses  are  much  smaller  than 
one  would  infer  from  FMR  alone. 

In  contrast  with  the  planar  case,  for  high  anisotropy 
uniaxial  hexagonal  fe-rites  'he  FMR  field  is  not  accessi¬ 
ble  at  9.9  GHz  by  standard  microwave  techniques. 
(Negative  fields  or  circular  polarized  excitation  would 
be  required.)  In  spue  of  this,  it  is  possible  to  do  the 
efective  linewidth  experiments  on  such  materials  at 
x-band  frequencies.  F  g.  2  shows  the  A Hc,,  vs.  field 
results  for  an  orenteJ  polycrystalline  N’iCo-W  sphere 
wuh  the  applied  field  along  the  average  easy  axis  direc¬ 
tion.  This  sample  has  a  saturation  induction  and  ani¬ 
sotropy  Field  of  5.4  kC3  and  4.0  kOe,  respectively,  corre¬ 
sponding  to  an  FMR-fie'd  of  -0.4  kOe.  The  cut-off 
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about  ?  kOe.  at  the  left 


field  for  degenerate  magnons  is 
hand  field  limit  of  the  figure 

The  variation  of  A vs.  field  :n  fig.  2  is  smv'jr  to 
that  in  fig.  1.  wuh  the  important  difference  of  no 
accessible  FMR.  The  size  of  A  is  much  larger  We 
see  the  characteristic  drop  in  A//c(,  wuh  increasing  field 
and  a  leveling  off  at  AWt((  =  400  Oe  for  fields  above  5 
kOe  or  so.  The  increase  at  low  fields  is  prohahlv  due  to 
a  combination  of  demagnetizing  effects  (lack  of  satura¬ 
tion)  and  inhomogeneous  and  or  two-magnon  ;in- 
ebroadening.  Even  though  the  field  is  above  the  cut-off 
for  degenerate  magnons.  the  lmevvidths  are  so  large  that 
the  cut-off  is  smeared  out  and  substantial  'tnebroaden- 
ing  is  still  in  evidence  [J.6J.  The  fact  that  the  intrinsic 
linewidth  is  lower  than  the  FMR  linewidth  <  =  200b  Oe) 
by  a  factor  of  five  implies  that  the  major  sources  of  loss 
in  these  materials  are  probably  two-magnon  related 
relaxation  processes  and/or  inhomogeneuv  linebroa- 
dening. 

The  effective  linewidth  vs.  field  was  also  measured 
for  a  single  crystal  ZnTi-M  platelet  with  a  high  uniaxial 
anisotropy  field  of  11  kOe.  For  this  value  of  anisotropy 
field,  the  FMR  absorption  curve  is  totally  inaccessible, 
since  the  resonance  would  occur  at  negative  »  kOe  The 
effective  linewidth.  however,  was  readily  measurable 
over  a  field  interval  of  2-8  kOe  and  found  to  he 
approximately  200-400  Oe.  A  characteristic  increase 
with  field,  noted  previously  for  conventional  ferrites  [7], 
was  also  observed.  These  results  demonstrate  the  useful¬ 
ness  of  present  techniques  in  determining  the  off  reso¬ 
nance  losses  far  away  from  resonance  and  in  the  ab¬ 
sence  of  any  degenerate  spin  waves.  The  large  A  //crr-val- 
ues  also  show-  that  the  intrinsic  losses  in  some  single 
crystals  can  be  large,  even  in  the  absence  of  inhomo- 
geneity  contributions. 

The  luthors  are  indebted  to  Dr.  W.  Tolksdorf.  Philips 
GmbH  Forschungslaboratorium.  Hamburg.  Fed  Rep. 
Germany.  Dr.  Arthur  Tauber.  LS  Arms  Electronics 
Command.  Fort  Monmouth.  New  Jersey,  and  Mr.  L. 
Reese  Hodges.  Trak  Microwave  Corporation.  Tampa. 
Florida  for  providing  the  ferrite  samp'es  used  in  this 
studs.  The  work  was  supported  in  par!  by  fg  Arms 
Research  OfFce.  Contract  DAAG-2'-!-'4-K-01~2  and  the 
Nafpn.jl  Science  f'ound.'for.  '/-an;  DVR-Kiil 572'. 
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II. (b)  An  Experimental  Investigation  of  Phenomenological  Damping  in 
Ferrites  Digest. 

AN  EXPERIMENTAL  INVESTIGATION  OF  PHENOMENOLOGICAL 
DAMPING  IN  FERRITES 

M.  V.  Kogekar  and  C.  E.  Patton 
Department  of  Physics,  Colorado  State  University 
Fort  Collins,  CO  80523 

A  high  sensitivity  technique  for  the  measurement  of  the  microwave  sus¬ 
ceptibility  as  a  function  of  applied  static  magnetic  field  has  been  tradi¬ 
tionally  used  to  investigate  two-magnon  losses  and  intrinsic  losses  in 
ferrites,  through  the  determination  of  the  effective  linewidth  parameter.1 
During  the  course  of  such  measurements  on  hexagonal  ferrites2  and  amorphous 
films, 3  it  was  realized  that  the  technique  also  enables  one  to  quantitatively 
determine  the  various  phenomenological  damping  parameters  which  can  be  used 
to  determine  the  relaxation  of  the  magnetization  vector  and  thereby  provides 
a  new  and  powerful  way  to  examine  the  various  forms  of  damping.  The  purpose 
of  this  work  was  to  use  the  technique  to  determine  which,  if  any,  of  the 
three  most  commonly  used  damping  terms, 4  given  by  the  Landau-Lifschitz 
parameter  All,  the  Bloch-Bloembergen  parameter  1/T2,  and  the  complex  fre¬ 
quency  parameter  n^p,  can  be  used  to  represent  the  intrinsic  losses  in 
ferrites. 

The  basic  effect  which  leads  to  different  possible  results  for  different 
forms  of  the  damping  involves  the  lack  of  rotational  symmetry,  e.g.,  a  thin 
slab  magnetized  in-plane  or  a  planar  magnetocrystall ine  anisotropy,  for  ex¬ 
ample.  Susceptibility  data  were  obtained  following  Ref.  1  for  polycrystal¬ 
line  YIG  spheres  and  thin  plates  and  planar  hexagonal  ferrite  spheroids.  The 
various  damping  parameters  were  then  obtained  from  these  data.  The  frequency 
was  9.9  GHz  and  measurements  were  limited  to  high  field,  well  above  the  fer¬ 
romagnetic  resonance  field. 
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damping  parameters  vs.  field  for  a  YIG  sphere  and  thin  plate 
Fig.  1,  while  Fig.  2  shows  a  similar  plot  for  the  hexagonal 
d.  Only  the  Landau-Lifshitz  parameter  all  1s  independent  of 
geometry  and  the  applied  field,  and  appears  to  represent 
ntrinsic  losses.  Both  the  Bloch-Bloembergen  parameter  I/T2 
frequency  parameter  ncF  change  markedly  with  field  and  sample 
result  is  consistent  with  thermodynamic  arguments  on  the  form 
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